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NATIONAL AD'JISORY COMMITTEX FOR AERONAUTICS 

AN INVESTIGATION OF AIRCRAFT mATESS 

I11 - MEASURED AND PREDICTED PEBFORMANCE 

OF DcilTaI;E TUBE EWiT EXCiIAPJGERS 

By R. C. Mart lnel l i ,  E. B. Weinberg, 

E. H. Morri'n, and L. M. IC. Boelter 

INTRODUCTION 

Two double tube cyl indrical  heat exchangers, i n  which 
hot exhaust gases pass through the annular space and ven- 
t i l a t i n g  a i r  passes through tho center  tube, have been 
tes ted  t o  determine heat t r ans fe r  performance and pressure 
drop. 
cy l indr ica l  air  pipe (fig, 4) ,  w h i l e  the other  u t i l i z e d  a 
d b q l e d  type i n t e n s i f i e r  tube ( f i g .  5) .  

One of the exchangers was equipped with a smooth 

The t e s t s  were performed i n  order 

1. To es t ab l i sh  a simple, accurate method of p r e -  
d i c t ing  the performance of the double tube 
heat exchanger, s ince t h i s  design is a basic  
element of prac t ica l ly  a l l  gas-a i r  beaters.  

2. To compare the performance of the s t r a i g h t  and 
dimpled tubes. 

3, To determine the  pressure drop across  the  uni t s .  

EXPERIMENTAL EQUIPMENT 

In  b r i e f ,  the  experimental equipment consisted of a 
source of hot gases and a source of cool air. 
metered and passed through the heater  being tested. 

Theee were 

Measurement of appropriate temperatures and pressures 
allowed the calculat ion of the  performance of t he  heater .  
Two sources of hot gases were u t i l i zed .  The exhaust gases 
from a 50-horsepower gasoline engine were used at  f i r s t ,  but 
it was discovered t h a t  hot gams from a natural gas burlier 
yielded e s sen t i a l ly  the eame r e s u l t s  with much l e s s  opera- 
t i ona l  d i f f i c u l t y ,  The l a t t e r  method is u t i l i z e d  a t  present. 
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I n  absence of a large engine capable of producing 
high exhaust gas rates, a small (50 hp) engine was u t i -  
l i zed  t o  produce the  hot gases, and high weight rates 
per uni t  area were obtained by the  use 0f.a small exhaust 
gas annulus (O.D. = 3.07 in ,  ,' 1 , D .  = 2.00' i n ,  ). t 

Gasoline Engine Test Stand- 

The ven t i l a t ing  a i r  was supplied t o  the  hea ters  by a 
Roots-type blower of 1000 cubic f e e t  per  minute capacity,  

I 
The flow of exhaust gases was obtained by metering 

the fue l  and cDmbustion a i r  t o  the  engine. It was not 
necessary t o  meter ' the  hot exhaust gases, s ince the  
weight r a t e  per uni t  cross-sectional area is t h e  important 
parameter which can be obtained by metering the  fue l  and , 

combustion air  t o  the  engine, The l a t t e r  measurements 
were more e a s i l y  obtained. 
was measured by means of a cal ibrated =-inch sharp-edge 
o r i f  ice .  

The flow of ivent i la t ing  a i r  

Tempera€ures were obtained at  the  following points:  

1. Venti la t ing a i r  i n t o  heat exchanger 

A n  analys is  of the  thermal res i s tances  existing i n  
the  double tube heat exchanger (see p, 7 )  indicated that 
the funhamental parameters governing the  rate of heat 
t r ans fe r  were the  gas temperature and the  weight r a t e  of 
gas flow per unit area. The l a t t e r  parameter may be 
varied by changing e i t h e r  t he  weight r a t e  of gas flow or 
the  cross-sectional a rea  through which the  gas moves, 

5. Vent i la t ing air  tube w a l l  (4  poin ts )  

6. Outer tube of exhaust gas annulus (4  po in t s )  

The exhaust gas temperatures were obtained by means 

Chromel- 
of t he  shielded thermocouples prqposed by t h e  American 
Society o f  Mechanical Engineers ( reference 1). 
alumel thermocouples were used throughout, 

L - 

2. Vent i la t ing a i r  out of heat exchanger ( see  p. 18) 

3. Exhaust gases in to  heat exchanger 

4. Exhaust gases out of heat exchanger 
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Pressure drop d o n g  the  ven t i l a t ing  a i r  tubs  and the  
annular e x b u e t  space were measured by means of U-tube 
water manwrmters, 
were used ~n +->* air tube, but,  owing t o  the  construct ion 
of the  gas c o ~ ~ ~ ~ l u s ,  single pressure t a p  holea were of ne- 
ces s i ty  utillesc?. on the  exhaust gas stream. 

Carefully i n s t a l l e d  piezometer rings 

Engine speed, load, exhaust gas  ana lys i s ,  barometric 
pressure, an6 a i r  humidity were a l s o  determined, The en- 
t i r e  heater  uni t  was surrounded by 2 inches of sand. 

A schematic diagram of the  gasoline engine t e s t  stand 
is  shown i n  f igure  1, 

Natural Gas Test Stand 

The natural gas t e s t  stand ( f i g .  2 )  u t i l i z e d  a 
1,000,000 Btu per hour gas burner t o  c rea te  the  hot gases. 
The flame from the  burner was conducted through a converg- 
ing sec t ion  t o  the  exhaust gas annulus. Pa r t  of the  second- 
a r y  air was supplied by a small blower i n  order t o  insure 
complete combustion before the  gases s t ruck  the  vent i -  
l a t i n g  air tube. 

The gas flow was controlled by means of a cent r i fuga l  
exhaust f an  located, downstream from the  heat exchanger. 

The r a t e  pf exhaust gas flow w a s  measured by means of 
a ca l ibra ted  E- by 3-inch ventur i  meter placed between 
the  heater  and the  exhaust fan. 

All other  measurements were made i n  t h e  same manner 
as with the  gasoline engine t e s t  stand. 

AW 

P C 

C 

SYMBOLS 
2 heat- t ransfer  area of air s ide ,  f t  

heat- t ransfer  area of gas s ide,  f t 2  

surface a rea  of outer tube of annulus, f t 2  

unit heat capacity of air at constant pressure,  
Btu/lb ?I? 

constant 
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D. 

Da 

.- Dg 

f C 

f ca 

I f r  

FA 

FE 

diameter, f t  

inner diameter of a i r  tube, f t  

hydraulic diameter of gas annulus, f t  

emissivi t ies  of inner and outer surfaces  of annulus, 

k t  thermal convective, conductance, Btu/hr f t 2  ?F 

respect ively 

unit thermal convective conductance on a i r  s ide ,  
Btu/hr f t 2  %' 

unit thermal convective conductance on gas  s ide,  
Btu/hr f t 2  9 

equivalent unit thermal conductance f o r  rad ia t ion ,  
Btu/lir f t 2  OF 

shape modulus, t he  f ac to r  i n  the  r ad ia t ion  equation 
which allows for t he  geometrical pos i t i on  of the  
rad ia t ing  surfaces  

emissivity modulus, the  f ac to r  i n  the  r ad ia t ion  equa- 
t i o n  which allows f o r  the  non-Planckian character  
of t h e  r ad ia t ion  surfaces  

grav i ta t iona l  force per  un i t  mass, lb/(lb seca / f t )  

weight r a t e  of flow per unit area, l b / h r  f t 2  

weight rate of flow per un i t  area f o r  air ,  lb/hr  f t 2  

weight rate of flow per unit area f o r  gas,  l b / b  f t 2  

thermal conductivity of air ,  Btu/hr f t 2  (*/ft) 

distance between pressure taps ,  f t  

pressure, l b / f t  

pressure a t  entrance t o  heat exchanger, l b / f t 2  

pressure a t  e x i t  from heat exchanger, l b / f t 2  

predicted rate of heat t r ans fe r ,  Btu/hr 

ra te  of heat t r ans fe r  by convection, Btu/hr 

measured r a t e  of heat t r ans fe r ,  Btu/hr 
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qr 

r , 

ro radius of pipe, ft 

rate of heat transfer by radiation, Btu/hr 

radial coordinate measured from center line of tube, ft 

average intensifier tube wall temperature, OF tP 

tw 

T absolute temperature, 9 

Tal, T, 

average temperature of outer wall of annulus, OF 

mixed mean absolute temperature of air entering 

Taa, T, mixed mean absolute temperature of air leaving 

arithmetic average ab8OlUte temperature of air in 

heating section, OR 

heating section, OR 

Ta 
heater, OR 

Tg 

Tp 

T, 

arithmetic average absolute temperature of gas i n  
heater, OR 

average absolute temperature of intensifier tube w a l l ,  aR 

average absolute temperature of outer wall of annulus, 
91 

U velocity of fluid at any point r, ft/sec 

urnax velocity of fluid at center of pipe, ft/sec 

v mean velocity of fluid based on rate of discharge and 
pipe area, ft/sec 

v, mean velocity of fluid at entrance to heati% section, 
ft/sec 

va 

Wa air weight rate, lb/hr 

mean velocity of fluid leaving heating section, ft/sec 

Wg 
X 

exhaust gas weight rate, lb/hr 

coordinate measured along tube, ft 

Y coordinate measured perpendicular to tube wall, ft 



weight densi ty  of a i r  at  any temperature and pres- 
sure,  l b / f t  5 + 

weight densi ty  of air at  entrance t o  heating sect ion,  

weight densi ty  of air leaving heating sect ion,  l b / f t 3  

weight den8,ity of a i r  a t  temperature 

pressure drop acroes pipe, l b / f t "  

l b / f t  

T, l b / f t 3  

APT, isothermal pressure drop due t o  f r i c t i o n  a t  tempera- 
ture TI, l b / f t 2  

pressure drop per  foot ,  ( l d / f t a ) / f t  

difference i n  temperature between the  tube wall and 
AL 
A t  

aqy point y i n  the  f l u i d  stream, ?l? 

A t -  tube temperature minus temperature of . f l u i d  a t  can- 
t e r  of stream, 9 

Atmean tube temperature minus temperature of f l u i d  a f t e r  
complete mixing, OF 

logarithmic mean temperature difference,  OF 

isothermal f r i c t i o n  f ac to r  

isothermal f r i c t i o n  f a c t o r  for a i r  a t  temperature 

isothermal f r i c t i o n  f ac to r  f o r  a i r  a t  temperature 

isothermal f r i c t i o n  f ac to r  f o r  air a t  temperature T 

v i scos i ty  of a i r ,  l b  sec/ftg 

viscosi t3  of air a t  temperature T, l b  sec/f t2  

mixed-mean temperature of a i r  a t  entrance t o  h e a t i w  

T, 

Ta 

sect ion,  OF 

OF 
mixed-mean temperature of air  leaving heating sect ion,  
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Tgl 
mixed-mean temperature of gas a t  entrance t o  heating 

section, OF 

Tg2 mixed-mean temperature of gas leaving h e a t i w  sec- 

T a l  + 7a2 

t ion,  9 

9 Y Ta = 
2 

f c  Nu = -, Nuaselt modulus 

Pr  = 'P Q 3600, Prandtl modulus 

k 

k 

Re = u , Reynolds modulus 
3600 p g 

ANALYSIS OF MECHANISM OF HEAT TRANSFER 

IN DOUBLE TUBE HEAT EXCMGEZS 

I n  a double tube heat exchanger, i n  which the  exhaust 
gas flows i n  the annular space and the vent i la t ing  a i r  i n  
the central  tube ( f i g .  3) ,  the mechanism of heat t r ans fe r  
at any point along the  length of the inner pipe proceeds 
as follows: 

Figure 3.- Cross sect ion of double tube  heat exchanger. 



8 

(a )  Heat flows from the  exhaust gas t o  the  Inner tube 
by convection, 
is given by: 

The r a t e  of convective t r ans fe r  

(b)  Heat flows between the  outer  and the  inner  tube by 
r ad ia t ion  through a diathermanous* medium, 

For the  tubular  heat exchanger ( reference 2,  p. 54) 

- 1 
(3) 

An equiva len t .nn i t  conductance f o r  r ad ia t ion  may be 
defined s o  tha t  

( c )  Beat may be t ransferred t o  the  inrier tube by 
gaseous rad la t ion  from the  H,O and CO, pres- 
ent  i n  the  exhaust gas (reference 3, p. 297).  
A calculat ion reveal6 t h i s  quant i ty  t o  be 
negl igible  i n  most cases. 

( a )  A l l  of the  heat which i s  t ransfer red  t o  the  outer  
surfaca of the  inner tube ( t h e  sum of the  quanti- 
t i es  discussed above) m a s t  be t ransfer red  t o  t h e  
a i r  flowing through the i r ie r  tube by convection. 
Thus, i f  t he  gaseous r ad ia t ion  is neglected 

*Affording a f r e e  passage t o  rad ian t  energy. 
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The three  equations (l), (4), ( 6 )  allow t h e  predic- 
t i o n  of the  thermal performance of the  heater ,  For sim- 
p l i c i t y ,  however, it is customary t o  eliminate the  tube 
wall temperature from the  eq1,iations (reference 4, p. X I V - 1 ) .  
Then, upon in tegra t ion  a long  the  tube length* 

I n  equation ( 7 )  

(a)  The logarithmic mesn temperature d i f fe rence  may be 
determined readi ly  from the  measured mgnitindes 
of the  gas and a i r  temperatures enter ing and 
leaving t h e  exchanger. Thus : 

(b)  The a reas  Ag and A, are r ead i ly  deterrclzed by 
measurement. 

( c )  The radiant  u n i t  conductance may 'be calculated by 
means of equation (5 ) .  

'The magnitudes of the uni t  convective conductances 
fca, fcg must now be predicted. 

reasoning based on a n  idealized analogy between heat and 
momentum t r ans fe r ,  it may be shown (reference 5, p. 447) 
that: 

For the  turbulent flow tnside a ' c i rcu lar  tube,  by 

~ ~~- -~ 

*The use of  t h e  l o g  mean temzerature difference A t l r n  is  
based on the  postulate  that  ( f r  + fcg)  and fca a r e  
independent of the tube length (as well as several  other  
r e s t r i c t i o n s ) .  (See reference 4, p. XIT-1.) Although a l l  
these postulates  a r e  not exactly os t i s f i ed  by t h e  experi- 
mental equipment, t he  u t i l i z a t i o n  of t h e  log  mean temper- 
ature difference w i l l  be found t o  be s u f f i c i e n t l y  accurate.  
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Re Pr  G cp 5,O/Pr+Zn(l + . S  Pr) + 0.50 Z n c / - ) l  (Re [ 
L 8,J 

where 

c f r i c t i o n  f ac to r  f o r  smooth tubes defined by 

AP L v2 . 
Y D 26 

At-  

*%mean tube temperature - temperature of f l u i d  a f t e r  com- 

tube temperature - temperature of f l u i d  a t  center  
of stream, OF 

p l e t e  mixing, OF 

P r  Prandtl  modulus 

Re Reynolds modulus 

* NU Nuss e l t  modulus 

A close empirical approximation of the  more exact 
equation (9)  was presented by Colburn (reference 6 ,  p. 174)  

Unti l  fur ther  da ta  a r e  made ava i lab le  t h e  f r i c t i o n  
f ac to r  t o  be u t i l i z e d  i n  equation (10) probably should be 
that f o r  smooth pipe, even when analyzing f a i r l y  rough 
tubes, for the  ex t ra  pressure drop produced by roughness 
does not appear to  yield a proportional increase i n  fc .  
(See reference 7 ,  p.  99.) 

The dimples i n  the  dimpled tube have an  appreciable 
e f f e c t  on the  pressure drop, but only a small e f f e c t  on 
the  r a t e  of heat t r ans fe r  - f o r  reasons other  than  the  
increased f r i c t i o n ,  as i s  discussed i n  a la te r  paragraph. 
The question of t he  exact e f f e c t  of roughness on the  r a t e  
of heat t r ans fe r  needs fu r the r  c l a r i f i c a t i o n .  . 

For the  purpoee of analysis, the  f r i c t i o n  f a c t o r  of 
Niku-adse (reference 8)  was u t i l i zed .  For  a range of t he  
Reynold8 modulus of 10,000 t o  100,000 the  equation of 
Nikuradse may be c losely approximated (reference 9) by 
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Solving f o r  f c  from equations (10) and (11) i n  terms 
! a  . of the  physical propert ies  of t h e  gas* 

P lo t t i ng  the  group (cpo 333 p-00467 ka0'667) as a 
function' of temperature and expressing the  r e e u l t  as a 
power funct ion of temperature allows t h e  pred ic t ion  of 
f c  a t  high gas temperatures. This  procedure y i e lds  

Equation (13) may be utilAzed d i r e c t l y  t o  determine 
fca, using the  Inside diameter of t h e  ven t i l a t ing  a i r  
tube f o r  D-. A question a r i s e s ,  however, concerning t h e  
value of D f o r  the  annular gpace. Recent investiga- 
t i o n s  ( references 11 and 1 2 )  show tha t  the  hydraulic d i m -  

cross-sectional a r ea  of flow, when eter,** that is, 4 x - _.-- 

. wetted perimeter 
u t i l i zed  i n  the  Reynolds number is  a good c r i t e r i o n  of t he  
turbulence i n  the  annulus. Subs t i tu t ion  of t h i s  dimen- 
s ion  i n  equation (13) w i l l  be found t o  yield s a t i s f a c t o r y  
r e su l t s .  

Some recent data (references 1 2  and 15) ind ica te  that 
an  increase i n  
l u s  e r fec t . "  Becaiise t h i s  correct ion i a  small 
*The propert ies  of a i r  (reference 10) were u t i l i z e d  f o r  both 
the  ven t i l a t ing  a i r  and the exhaust gases,  
f o r  exhaust gases waa rescr ted t o  i n  absence of more prec ise  
data; but it ia probably su f f i c i en t ly  accurate s ince the  
exhaust gas is composed mainly of nitrogen, and combustion 
is complete, 

fcg Is t o  be expected, owing t o  the "annu- 

T h i s  procedure 

cross-sectional area **As contrarated t o  the  quantity 4 X heat.transfer perimeter 
. . .  

which was suggested by Jordan (reference 13) and Nusselt 
(reference 14). 
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f o r  the  heater t e s t ed  and there  is  a lack of agreement i n  
t h e  l i t e r a t u r e  as to  the exact value of the  increase,  t h i s  
refinement was not included i n  - the analysis .  However, f o r  
exchangers i n  which the  diameter of t he  outer s i r f a c e  of 
t he  annulus i s  much g rea t e r  than the  diameter of t he  a i r  
tube, t h i s  w r r e c t i o n  should no t ' be  overlooked. , t 

Recapi tulat ion . 

For predict ion of the  performance of simple gas-air ,  
I 

double tube heat exchangers the  .following equations a r e  
re  commended : 

The above equations were u t i l i z e d  t o  pred ic t  tho r a t e s  
of heat t r ans fe r  f o r  both the  s t r a i g h t  and dimpled tubes. 
This technique -underestimates the  dimpled-tube .performance 
s l igh t ly ,  This discrepancy i s  discussed i n  a l a t e r  para- 
graph ., . . . '  

SAMPI.3 CALCULATIONS 

- R u n  no. F-2 (S t ra ight  tube - with mixing chamber) 

Rate of a i r  flow, 

Rate of gas flow, 

Wa = 382 lb/hr 

Wg = 379 lb /hr  
, 
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, 

Inside diameter of a i r  tube, 

Hydraulic dia,meter of gas annulus, 

Heat t r ans fe r  a rea> air aide, 

Da = 0.149 f t  

Dg = 0,0892 f t  

A a  = 2.23  f t2 

Heat t ransfer  area, gas s i d e ,  Ag = 2.49 f t "  

Cross-seztional arsa of a i r  flow, 0,0175 f t "  

Cross-sectioral  are3 of gas flow, 0,0295 f t 2  

A i r  ternv: ~l.t,l;rs sntering, 

A i r  temperature (infxei: w a n )  leaving, 

G a s  tem?erature, exL5;-i;g, T = 1626' F 

Gas temperature, leaving, 

Tal = i3Oo F 

Ta, = 416O F 

631 

= 1243O F g2 

(a) Calculation of the log mean temperature difference: 

(b) Calculation of f,, 

- = 21,800 lb/hr  ft" 
Ga - 0.0175 , 

Da = 0.149 ft 

0. 8 0  

0 .20  
4 0.296 Ga 

D a  
= 5.56 X 10- Ta fca  

= (5.56) X 10" (733) 0.2 9 6 ( 21800)' 
(0.149)0'" 

= 1 6 . 8  B t u / h r  ft2 9 
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( c )  Calculation of fcg 

- wg = 12,800 l b / h r  ft" 
Gg - 0.0295 

D a  = 0.0092 f t  

0.80 

0.20 

0.896 Gg fcg = 5.56 X lo-" Tg 

(a) Calculation of f r  

The average temperatwe of the ven t i l a t ing  a i r  tube 
( t p )  is required i n  order t o  ca lcu la te  fr, 

and 

Thus 

- - 382 -- (416 - 130) + 278 
17.2 X 2.23 

= 962' F 

Experimental data  indicated t h a t  t he  average temper- 
a tu re  along the  outer  surface of the exhaust gas annulus 
(tw) 
perature. Thus : 

was 250° F l e s s  than the  a r i thmet ic  average gas tem- 

t, = (Tg - 250) = 1435 - 250 

= 1185O F 
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The emissivity of oxidized steel is qjproximatelj; 
(referenoe 2, p. 46) equal t o  0.79 

. .  
= 0.729 

FA = 1.00 

f, = 

I .  

Then \ 4  / 

i435 - 962 , 

8.30 

(e)  Predict ion of a, 

1135. 
w - - 

f 
I 1. 

4- 
1 - r 1 (8.30 + 16.1) 2.49 . 16.8 x 2.231 

1135 
0,01645 + 0.0267 

- - 

= 26,306 Btu /h r  

The observed rate of heat transfer is: 

q M = w  a c p (Tat -'ai) 
= 382 X 0.241(416 - 130) 
= 26,300 B t I l / b  
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The r a t i o  f o r  t h i s  run is 

qa 26300 
-=-e= 1.00 

26300 qM 

DISCUSSION OF RXSULTS 

The da ta  and r e s u l t s  are presented i n  t a b l e  I. 

Inspection or" t ab l e  I revea ls  t h a t  the r a t e s  of heat 
t r ans fe r  predicted by means of equa+,ions (14), (15), (16), 
and (17)  check the measured magnitudes for  the s t r a i g h t  tube 
with an average deviat ion of 6 percent. 
r a t i o  of the  predicted t o  the measwed r a t e s  of heat 
t r ans fe r  is 0.99. It should be noted t h a t  the change from 
the  gasol-lne engine t,eat, s t a d  t o  ,the natural gas  t e s t  stand 
d i d  nct  af'ect the accuracj of t he  res i i l t s .  

The average of the  

The equations (14), (15), (16) ,  and ( 1 7 )  s l i g h t l y  
underestimate the  thermal capacity of t he  dimpled tube. The 
average of the ratio of pk.edictod t o  measured r a t e s . o f  heat 
t ransfer  fo r  tl?e dimpled titbe is  0.925 with 8 mean deviat ion 
of f 3  percent. 

It may be concluded from these results t h a t  the  dimples 
increase the  capacity of the  dimpled tube about 7 percent,  
compared with the  8 t ra ight  tube. 

This increase is  t o  be expected f o r  severa l  reasons. 
F i r a t ,  the dimples decrease the  cross-sect ional  a rea  o f  flow 
f o r  the ven t i l a t ing  air. Equation (16)  ind ica tes  an  increase 
i n  fca owing t o  t h i s  change. Secoxdly, t he  dimples 
provide an increased surface a rea  f o r  heat t r ans fe r .  Last ly ,  
the dimples may increase the rad jan t  heat t r a n s f e r  by ac t ing  
as p a r t i a l  Hohlrawns ( idea l  absorber).  

Further inspecfion o f  t a b l e  I shows that t h e  rad ian t  
heat t r ans fe r  from the  oGter w a l l  of the  gas annulus t o  the 
vent i la t ing  air  tube was appreciable i n  t h e  expesiments. 
This condition, however, may not ex ig t  i n  a c t u a l  i n s t a l l a -  
t i o n s  where the  outer  w a l l  o f  the annulus is a t  a lower 
tcmperature than exis ted i n  the  laboratcry.  Thus the  r a t e s  
of heat t r ans fe r  obtained i n  tho laboratory a r e  somewhat 
l a rge r  than m y  be expected under f l i g h t  conditions f o r  t he  
mime r a t e s  per unit area.  
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In order t o  help visual ize  the data. presented ir, t a b l e  
I, a curve of 

, 

is shown plot ted 4n f igure 6 as a function of t h e  ven t i l a t ing  
air  r a t e  per unit a rea  for the  following average experimental 
conditions for the s t r a i g h t  tube: 

Average gas ternp$Fature, 

Average a i r  temperature, 

Tg = 13000 F 

Ta = 2300 F 
- .. .a 1 

Logarithmic temperature difference,  A t Z r n  = 1C15O0 F 

U n i t  conductance f o r  radiat ion,  

Weight r a t e  of gas flow per unit a rea  

Curve (l), 

fr  = 7.0 Btu/hr OF f t 2  

Gg = 13,000 Ilb/hr ft" 

Curve (2), Gg = 26,000 lb/hr f t 2  

For comparison with the predicted curves, data for  
several  experimental runs are  shown p lo t ted  i n  f iguro 6. 

The data  shown were corrected t o  a logarithmic mean 
temperature difference of 1050° F by multiplying the  

measured 9~ by the r a t i o  (e) i n  order t o  allow 

d i r e c t  comparison with the  curves. 

The rates of heat t r ans fe r  t o  be expected a t  an  ex- 
haust gas r a t e  of 26,000 lb/hr f t"  are also shown. The 
increase is  very small at low air  rates, owlng t o  high 
thermal res i s tance  on the  a i r  s ide  of the c e n t r a l  tube. 

A s e r i e s  of char t s  f o r  the  so lu t ion  of equation (14) 
f o r  rapid calcil lation of heater sizes (xeglect ing radia- 
t i o n )  w i l l  be found at the  end of the  report .  
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TEMPERATURE DISTRIBUTION IN A I R  STREAM 

A very important point of experimental technique which 
has been overlooked by numerous inves t igs tors  i s  the  f a c t  
t h a t ,  even at high magnitudes of the  Reynolds modulus, a 
decided temperature gradient exists across  a n  a i r  stream 
being heated i n  a tube,  
demonstrated by an ana lys is  of t h e  thermal r e s i s t ances  from 
t he  tube wall t o  the  center of t he  tube. It may be shown 
that (reference 5)  the  temperature d i s t r i b u t i o n  i n  the  
turbulent core is: 

That t h i s  must be the  case may be 

Integrat ion of t he  temperature d i s t r i b u t i o n  across  tho tube 
yields:  

Ut i l iz ing  the  equation f o r  the  veloci ty  d i s t r i b u t i o n  pre- 
sented by Bakhmeteff (reference 16 )  gives  the  r e s u l t i n g  

Atmean 

%ax 
r a t i o  of .-.. as shown i n  f igure  7 .  

Figure 7 reveals  that, unless a very exce l len t  mix- 
ing chamber is u t i l i zed ,  a s ingle  measurement of  tempera- 
t u r e  a t  the center  of the air stream w i l l  introduce ser ious  
e r ro r s .  
chamber i n  order t o  demonstrate t h i s  po in t .  

Several  runs were made purposely with no mixing 

The da ta  are shown i n  t a b l e  11. The apparent tem- 
perature of t he  heated vent i la t ing  a i r  i n  these runs was 
based on the  readings of a s ingle  couple a t  the  center  of 
t h e  air  stream with no mixing chamber. In cont ras t  t o  t he  
sat iefactory r e s u l t s  shown i n  t ab le  I, t h e  omission of t he  
mixing chamber yielded apparent rates of heat t r a n s f e r  
which were on the  average 30 percent below t h e  predicted 
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values fo r  the  s t r a igh t  tube and 10 percant below the  prc- 
dicted values f o r  the dimpled tube. The smller discrepancy 
f o r  the dimpled tube data is readily explained by a con- 
s idera t ion  of the  temperature d i s t r i b u t i o n  which was measur- 
ed across  the tube diameter f o r  the s t r a i g h t  and dimpled 
tubes ( f ig .  8)  durtng the  tests. An inspection of these 
curves reveals  t ha t  the dimples a c t  as a p a r t i a l  mixing 
chamber fo r  the  dimpled tube t empra tu re  d i s t r i b u t i o n  curve 
is  much f l a t t e r  than that obtainsd i n  t h e  s t r a i g h t  tube. 
A cornperison of the  experimental curves and thoee predicted 
by equation (18) is shown. Application of equation (19) t o  

t h e  curves shown i n  figure 8 y ie lds  a r a t i o  of = 0.80 
A t n l a  

for the  s t r a igh t  tube and 0.90 f o r  the  dimpled tube, thus 
explaining the apparent17 grea te r  temperature rise of the 
a i r  passing through the  dimpled tube. 

A d i r ec t  comparison of t he  experimental r e s u l t s  shown 
i n  t ab le  I1 would lead t o  the erroneous conclusion that the  
d h p l e d  tube was 30 percent more efficient than the  s t r a i g h t  
tube, instead of the 7 percent improvement obtained by the 
more accurate mensuration of the  e x i t  air temperature. 

PRESSURE DROP 

The preasure drop along a tube i n  which a compressible 
f l u i d  (gas)  is  being heated is  not simply the f r i c t i o n a l  
loss occurring along the  tube, but also includes the  e f f e c t  
of the  expansion of t h e  gas as it becomes heated. The lat- 
t e r  e f f e c t  produces a large f r a c t i o n  of the  t o t a l  pressure 
drop, eo that pressure losses  obeerved under nonisothermal 
conditions should be corrected t o  isothermal conditions - 
or ,  preferably,  isothermal pressure drops should be observed 
if  the f r i c t i o n a l  loss through the  heater  i e  desired d i -  
r ec t ly .  

The ana lys i s  of the  nonisothemnal pressure drop through 
a cyl indr ica l  tube of constant diameter is  presented below. 

The Bernoifili equation f o r  a horizontal  tube -is: 
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For a constant wejght r a t e  there  is a d e f i n i t e  r e l a t i o n  be- 
tween veloci ty  and density.  Thus, 

0 

Y 

or  
G 

3600 v Y =  

Thus the  Bernoulli  equation becomes 

By assumption of a l i n e a r  increase of velocity* with length 
due t o  heating of the Ylixld, t he  ve loc l ty  a t  entrance t o  

the  heating sect ion i s  vl,  and at  e x i t q  ' 5) .  Thus a t  

any point x along the  heating l e rg th ,  
\ T l  

I 

where TI and Tz a r e  the  absolute mix& mean tempera- 
tures of t h e  f l u i d  enter ing and leaving t h e  hea t i rg  section. 

Subs t i tu t i& the above equation i n  the  Bernoulli  
expression and integrating** yields:  

N (24 )  
G 

3600 g Ta 3600 2gD 
(PI - Pz) + -- 

Sv.bst it ut  ing 

G 
3600 y1 

V I  = 

-- 
*The increase i n  -relocity is  ac tua l ly  exponential, but as a 
first approximation a l i n e a r  va r i a t ion  may be u t i l i z e d ,  
**Assuming 5 t o  be constant. Actually -5 var i e s  s l j g h t l y  
with length due t o  the  changc i n  Reynolds modulus as the  
f l u i d  becomes heated. 

~~ 
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G 
3600 y2 

v;! = 

yie lds  

G” f T 2  

‘Ta (3600)’Zg ~ f i  D ( 3 6 o o ) ” ? l ~ ( T 1  I) ] 
( 2 5 )  

To obtain thk isoihemal head ld s s  at t he  temperature 
T,, the  f r i c t i o n  f ac to r  5 mu& be replaced by the 

T a  
f r i c t i o n  factor  calcula a6 t he  temperature T, ( b ~ ~ )  

The f r i c t i o n  f ac to r  (reference 9) usually 2s expressed 
4 .  as: 

, ’ c, CT ‘ 
but (reference 10) 

. .  
. p~ U T 2  l3 ‘ 

Thus .. , 

Thus t h e  f inal  equakion becomes: , 
1 

.. . , 
- .. 
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where 

fTl (3600) 2g Yl 
= APT,, t h -  isother& pressure 

drop due t o  f r i c t i c n  
at  temperature T, 

G2 

A similar  der iva t ion  is  presented by McAdams (reference 2; 
p. 130). 

Thus the  isothermal head loss due t o  f r i c t i o n ,  based 
on the  temperature TI is equal t o  the  meaoursd non- 
i s o t h e m l  head loss (P1 - P2) lees a cor rec t ion  

G 2  (5-9 and is mult ipl ied by t h e  r a t i o  

, Conversely, if the  isothermal head loss is  

(3600)" 7 1  Q 31 1 

known, the nonisothermal loss may be calculated.  . -  - 

C:J1 * I 3  

It should be noted t h a t  the  nanisothermal head loss is  
groa ter  than the  isothermal f o r  a f lu id  heating, but l e s s  
f o r  a f l u i d  cool i - s .  

Several runs were made i n  order t o  check t h e  v a l i d i t y  
cf t h e  derivation shown above. 

The da ta  and results are shown i n  t ab le s  I11 and N, 
and are p lo t ted  i n  f igures  9 and 10; A s e r i e s  of runs was 
made t o  obtain the  isothermal pressure drops ( t a b l e  1111, 
and another set of da ta  obtained under nonisothermal 
(heat  1%) conditj  on8 ( t ab le  IV) . 

Inspection of f igures  9 and 10 reveals  that f o r  both 
tubes the pressure drop* during the  nonisothermal condi- 
t i o n s  is, roughly, twice that during isothermal conditions. 

*The pressure drop per  foot is p lo t ted  f o r  convenience, but 
it should be remembered t h a t  t h i s  value is  on ly  a n  a v e w i p ,  
f o r  t he  pressure drop w i l l  not be a l i n e a r  funct ion & length 
due t o  heating of t he  ven t i l a t ing  a i r ,  
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Application of equation (26)  revea ls  that t h i s  discrepancy 
is due la rge ly  t o  the  effect  of t he  reduction of t he  a i r  
densi ty  upon heating, and the  resulting increaae i n  f l u i d  
veloci ty .  
t o  the  increased a i r  viecosity i n  t h e  laminar sublayer 
(reference 5). 

Eqimtion (26) was u t i l i zed  t o  pred ic t  t he  isothermal 

Some of the increased pressure drop is due a l s o  

- .  . . ?  

pressure drop from the  nonisotherrpl, as follows: 

(a )  The ,quant i ty ,  

was computed. 
t o  be expected i f  t he  air passing through the  nea ter  is at 
the  temperature T,. 

This maghitude is the  isothermal pressure drop 

(b)  From equation (26) it is  noted that, i f  the  iso- 
thermal pressure drop at any o ther  temperature T is de- 
s i red ,  

I 

For d i r e c t  comparison to t h e  isothermal data which were 
were correct-  obtained' a t  780 F a l l  the  magnitudes of 

od t o  78O F by means of equation . .  (28). 

from the  nonisothermal data checked the measurod values with- 
i n  27 percent f o r  t he  s t r a igh t  t u b e  and 7 percent for the  
dimpled tube. 
successful i n  correlat ing the i e o t h e r d l  and nonisothermal 
pressure drops i n  tubular  heat exchangers. 

As a fur ther  comp&rison, the' isothermal f r i c t i o n  fac- 

APT 1 

The isothermal pressure drops computed i n  t h i s  manner 

Thus, equation (26)  appeare t o  be reasonably 

t o r s  f o r  t he  dimpled and s t r e igh t  tubes a r e  compared t o  tho  
smooth plpe data  of McAdams (reference 2, p. 172') and 
Nikuradae (reference 8) i n  f igure  11. The magnitudes of t h e  
f r i c t i o n  fac tor  for t he  s t r a igh t  tube l i e  somewhat above the  
m o t h  pipe curve, The f r i c t i o n  f ac to r  for t he  dimpled tube 
ia about 1.6 times that f o r  t h e  smooth tube. This  increase 
i e  t o  be expected became of t h e  e f f e c t  of the  dimples. 
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On the gas s ide  of the  exchangers the  followiIX3 aver- 
age n o n i s o t h e m l  pressure drops were observed fo r  a gas 
rate of 420 lb/hr .  

Nonisothermal Pressure Drop 

S t m i g h t  tube 2.62 15@0° F 100Co F 

Dimpled tube 3.24  15000 F 1000° F 

The i s o t h e k l  pressure drop would be somewhat grca te r ,  
as i s  shown by equation (26).  

coNcLusIor?s 

1. The da ta  presented i n  t h i s  sec t ion  lnd ica te  that f o r  
t e s t i n g  tho thermal output and the  pressure drop performance 
of double tube heat exchangers, hot gases produced by a 
natural gas bufner y ie ld  r e s u l t s  subs tan t ia l ly  similar t o  
engine exhaust gases. *: 

2. Equations (14), (15), (16),  and (17)  are appl icable  
t o  the  predictions of t he  rates of heat t r a n s f e r  i n  double 
tube heat exchangers (exhaust gas t o  a i r ) ,  

3. The dbpled-type tube shows a s l i g h t  advantage ( 7  
percent) i n  heat capacity over t h e  s t r a i g h t  tube. 

4. 'Unless a well-designed mixing chamber I s  u t i l i z e d  
p t  t he  point where the  teuperature of a nonisothermal gas 
stream is measured, appreclable e r ro r s  w i l l  r e s u l t  i n  t h e  
measured temperature. 

5. The nonisothermal pressure drop along a tube i n  which 
a gas flows d i f f e r s  widely from the  isothermal f r i c t i o n  loss. 
Equation (26)  allows the  pred ic t ion  of the  isothermal l o s s  
from the nonisothsrmal and equation ( 2 7 )  may be u t i l i z e d  t o  
calculate  the  nonisothermal pressure drop when the  isothermal 
is ,known. 

6, 'Thc isothermal f r i c t i o n  f ac to r  f o r  t he  dimpled tube 
is 1.6  times t h a t  f o r  t he  s t r a i g h t  tube. The l a t t e r  is some- 
w h a t  greater  than the  f r i c t i o n  f a c t o r  for smooth pips. 

University of' Cal i fornia ,  
Berkeley, Cal i f .  
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I n  order t o  f a c i l i t a t e  t he  quick estbnate  of the heat- 
ir& capacity of any double tube heat exchanger, a s e r i e s  of 
char ts  have been dr,.iwn which allow the  grapnical  determina- 
t i o n  of heater  capac i t ies .  These char t s  a r e  based on equa- 
t i ons  (14), (161, and ( 1 7 ) .  
omitted , 

RadLah% heat t r a n s f e r  is  

Chart A allows the determination of the  l o g  mean 
temperature difference At 2m when the  terminal temperatiwe 
differences are known, 

. 
C h a r t  B allows tho determination of the  thermal re- 

s i s tance  of the  heater  per foot of length 

(A\ (i). when the r a t e s  of ,a, flow, a i r  flow, and 
fcPJ ' fcP,g' 

the  cross-sectional design of t he  heater  a r e  known. 

The thermal output of: a given heater  qa or the  
of heater required t o  give a cer ta in 'ou tput  N may be 
determined from the  simple equation 

L '  J 

where 

N length of heat exclianger, f t  

P heat- t ransfer  perimeter, f t  

An example is presented t o  c l a r i f y  the use of t h e  charts ,  
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ExamFle 

Given a heater  with the  cross  sec t ion  shown i n  f i g .  12 .  

The heater is 3 f t  long, 
a re  assumed: 

Rate of exhaust gas flaw . . . . . . . . , . 6000 l b / h  

The following design conditions 

Rate of ven t i l a t ing  a i r  flow . . , . , . . . 2000 l b / b  

Temperature of exhaust gas enter ing 
heater . . , . . . . . , . . . , , . , 16000F 

Temperature of exhaust gas leaving 
heater , . . . . . . , , , . . . . , . , 1100O F 

Temperature of a i r  entering heater  . . . . , -600 F , 

Temperature of air leaving hea ter  . , . . . 4000 F 

To determine: 

1. The output of the  heater  i f  the  air  flows i n  t h e  
spaces marked A i n  fig.  1 2 ,  and t h e  exhaust 
gases i n  the  cen t r a l  space (B, C ) .  

2. The output of the  hea ter  if t b e  flow is the  same as 
under 1, but t h e  cent ra l  3- inch 
closed o f f ,  

hole  ( C )  is  

3. The output of the  heater  i f :  t h e  air flows i n  t h e  
spaces marked B and t h e  exhaust gases through A .  

4 .  The average temperature of t he  heat transTer sur- 
face under the  above conditions. 

Nctes: 1. Preseure drop and manifold3.ng design considerations 
have been neglected. These, of course, may 
inval idate  eomo of  the combinations proposed 
above. 

2. The assmed temperatures w i l l  change with t h e  
heater  0utpv.t , but as a first approximat ion, 
t he  temperatures w i l l  be considered unchanged.. 
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Sol ut  ion 

From fig, 'Lz t he  foll'cwing aata a r b  obta€ned: 
1 

-. -- --- 
Cross-sectional a r ea 'o f  air 

flow (sq i n . )  

Cross-sectional a rea  of gas 
flow (s4  in.  1 

Wetted. per ine te r  of. air ~ 

flow ( i n , )  

Wetted perimeter of gas 
flow ( i n . )  

Heat-transfer perimeter f o r  ' -  

air  ( in .  ) 

Heat-transfer perimeter for 
gas ( i n . )  

--I_ 

80 
-.. 

80 

__ 
31.4 

11.. 8 

. *  
105 

89 

80 

80 
----I 

Proposal 
( 4 )  

11,8 

31.4 

89 

105 

80 

80 

The average gas temperature is  1350° F. The average a i r  
temperature is 170' F. 
gas and a i r  are: 

The temperature d i f fe rences  between 

A t  entrance A t 1  = 1660O F 

A t  exit Ab = 7000 F 

From chart  A: 

- 1  

A t  A t 1  = 1660' F, A t ,  ='7C)Oo F, A t Z m  = 11000 F 

From c h w t  B, entering with the  weight rate of a i r  or 
exhaust gas flow, and proceeding as shown by the  dotted 
l i n e ,  t he  following values a r e  obtained: 

. .  
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TABLE VI.- T " G  RESISTANCES FROM CIWT B 

--- 

OF (&Igaa (Btn/hr f t)  

Proposal 
(1) 

0.0175 

,0034 

D 0209 

--- 
Proposal 

(2 )  
.- 

0. O m  

.002@ 

.0195 

Proposal 
(3) , 

0,0062 

, ..0053 

.011.5 

Subst i tut ing i n  equation (-41) f o r  a heater  length of 
N = 3 ft:* . .  .. _. 

Proposal (1) qa = 157,0930 Btu/hr 

Proposal ( 2 )  % = 169,000 Btu/hr 

Proposal (3) 4, = 287,00O*Btu/hr 

Inspection of t a b l e  V I  revea ls  that when t h e  @;as flows 
i n  the  B spaces and the  afr  i n  the  A spaces; t h e  t h e r m 1  
resis tance on the  air  side is s o  l a rge  t h a t  the  heater  
capacity is low. 
e f fec t  on the  heater  capacity. 
posi t ion of th6 air and the  gas (proposal 3 )  t h e  two thermal 
res is tances  a r e  equalized and t h e  hea ter  capacity is p rac t i -  
c a l l y  doubled. The optimum condition f o r  heat t r a n s f e r  
normally would be one i n  which the  a i r  and the  $as s ide  
resis tances  a r e  about equal, 

*For more accurate calculat ions the  log mean temperature 
difference A t Z m  should be recalculated t o  agree with the  
thermal output of t he  heater.  

Closing of f  t he  cen t r a l  hole has l i t t l e  
But, by reversing the  
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. 

Chart B may be used to design f o r  t h i s  ccndition. If 
the length of heater at capacity and the log mean tempera- 
ture difference are fixed, the total resistance 

may be determined. One-half of this ($1 +(j$)g 
total resistance will be the desired resistance on the gas 
or  the air side. 
combinations of cross-sectional areas and perimeters, a 
heater may be evolved with the desired characteristics. 

Utilizing chart B, by choosing various 

The average temperature of the heat-transfer surface 
By analogy to electrical circuits also may be estimated. 

(reference 17) the average temperature of the heat-transfer 
surface may be estimated from the resistances shown in 
table VI. 

Thus for proposal (I) 

Total resistance . . , . . , . . 0.0209 ,+ 

Btu hr ft 
VF 

Btu/hr ft 
Gas side resistance . . . . . .  0.0034 
Average gas temperature . . . .  1350' F 

Average air temperature . . , . 170' F 

Difference . . . . . . . . . . .  1800° F 
'Thus the drop in temperatuse from the gas to the tube 

wall is 

- oooo34 X 1180 = 192O F 
'8 - tp - 0.0209 

or . tp = 1350 .. 192 = 11580 F 

In a similar manner f o r  

Proposal (2) tp = 12290 F 

Proposal (3) tp = 805O F 
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. Thus, the proper proportioning of t h e  thermal res i s tances  
on the  a i r  and gas s!de not only improved the  hea ter  capacity,  
but lowered the  temperatures of the  heat t r a n s f e r  surfa.ce 
over 400° F, 

The foregoing' method, however, w i l l  no t  revea l  l o c a l  high 
temperature conditions which may e x i s t  in  a hea ter  because of 
improper design of entrance conditions, manifolding, e tc .  

The above example was selected t o  i l l u s t r a t e  t he  use of 
t he  charts and is not t o  be considered a s~q3gested,d;ssign, 

The authors wish t o  express appreciat ion t o  Messrs. H. F, 
Brockscmidt, M. T r ibus ,  D, Dubain, M, A .  Miller, and F. Hamaker 
fo r  t h e i r  help i n  the performance of t he  tes ts  and the prepa- 
r a t i o n  of t h e  repor t ,  and t o  Messrs, H. Eagles and H, Poeland 
f o r  constructing the  laboratory equipment. . 
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Measured 
p r e s s u r e  

d r o p  

TABLE 111.- ISOTHERMAL PRESSURE DXOP - AIR SIDE 
~~ 

B e y n o l d s  F r i c t i o n  
number f a c t  o r  

wa 'a 1 1  
R u n  

1.47 

1.64 

2.58 

3.14 

3.33 

!en  p r e s s u r e  

4.42 

3.64 

2.93 

2.48 

2.18 

75,400 

78,900 

107,500 

121,000 

130,000 

t a p s ,  

122,000 

113,000 

96,000 

81,100 

73,000 

S t r a i g h t  t u b e  ( d i s t a n c e  b e t w e e n  p r e s s u r e  taps, 6.16 f t )  

3 94 

411 

561 

631 

681 

KIS-1 

K 15-2 

KIS-3 

KIS-4 

KIS-5 

22,500 

23,500 

3 2 , 1 0 0  

36,100 

38,900 

670 

617 

525 

456 

408 

D i m p l e d  Oube ( d i s t a n c e  

34,600 

32,200 

27,200 

23,600 

21,200 

K I D - 1  

K ID-2 

K I D - 3  

KID-4 

K ID-5  

7 0  

7 8  

7 8  

78 

78 

e t w  

78 

78 

78 

97 

97 - 

0.0269 

.0272 

.022 9 

.0221 

,0200 

6.21 f t )  

0.0354 

.0354 

.@3 82 

.0412 

,0448 
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